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Martin Ugander4, James C. Moon5 and Michael S. Hansen1
Abstract
Background: Bright blood late gadolinium enhancement (LGE) imaging typically achieves excellent contrast
between infarcted and normal myocardium. However, the contrast between the myocardial infarction (MI) and the
blood pool is frequently suboptimal. A large fraction of infarctions caused by coronary artery disease are sub-
endocardial and thus adjacent to the blood pool. It is not infrequent that sub-endocardial MIs are difficult to detect
or clearly delineate.
Methods: In this present work, an inversion recovery (IR) T2 preparation was combined with single shot steady state
free precession imaging and respiratory motion corrected averaging to achieve dark blood LGE images with good
signal to noise ratio while maintaining the desired spatial and temporal resolution. In this manner, imaging was
conducted free-breathing, which has benefits for image quality, patient comfort, and clinical workflow in both adults
and children. Furthermore, by using a phase sensitive inversion recovery reconstruction the blood signal may be made
darker than the myocardium (i.e., negative signal values) thereby providing contrast between the blood and both the
MI and remote myocardium. In the proposed approach, a single T1-map scout was used to measure the myocardial
and blood T1 using a MOdified Look-Locker Inversion recovery (MOLLI) protocol and all protocol parameters were
automatically calculated from these values within the sequence thereby simplifying the user interface.
Results: The contrast to noise ratio (CNR) between MI and remote myocardium was measured in n = 30 subjects with
subendocardial MI using both bright blood and dark blood protocols. The CNR for the dark blood protocol had a 13 %
loss compared to the bright blood protocol. The CNR between the MI and blood pool was positive for all dark blood
cases, and was negative in 63 % of the bright blood cases. The conspicuity of subendocardial fibrosis and MI was
greatly improved by dark blood (DB) PSIR as well as the delineation of the subendocardial border.
Conclusions: Free-breathing, dark blood PSIR LGE imaging was demonstrated to improve the visualization of
subendocardial MI and fibrosis in cases with low contrast with adjacent blood pool. The proposed method also
improves visualization of thin walled fibrous structures such as atrial walls and valves, as well as papillary muscles.
Keywords: Late enhancement, Gadolinium, Myocardial infarction, Dark blood, Ablation, Scar, PSIR, MOCO, LGE
Background
Late gadolinium enhancement (LGE) has become a gold
standard in myocardial viability assessment [1, 2] provid-
ing excellent depiction of myocardial infarction (MI) and
macroscopic scarring. The use of late enhancement in
the diagnosis of ischemic heart disease and in guiding
therapy such as revascularization has gained wide
acceptance. More recently, late enhancement is playing a
broader role in characterizing fibrosis in non-ischemic
cardiomyopathies [3, 4], and in measurement of scar
resulting from treatment of cardiac arrhythmias using
radiofrequency ablation [5]. As the use of late enhance-
ment imaging has matured and as the span of
applications has widened, clinicians are examining late
enhancement images for more subtle indication of fibro-
sis and the demands on image quality have grown [6].
Late-enhancement imaging typically achieves excellent
contrast between infarcted and normal myocardium.
However, the contrast between the MI and the blood pool
is frequently suboptimal. A large fraction of infarctions
caused by coronary artery disease are sub-endocardial and
thus adjacent to the blood pool. The contrast between the
blood and MI in the inversion recovery (IR) image
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depends on variables such as contrast agent dosage, time
from gadolinium administration, clearance rate, and im-
aging parameters. Blood velocity may also have a role in
the contrast, even though non-slice-selective IR is used.
Therefore, as a result of mechanisms that are not fully
characterized or controlled, it is not infrequent that sub-
endocardial MIs are difficult to detect or clearly delineate.
Imaging at a later time point can result in better blood
pool contrast for some subjects, but it may not be prac-
tical from the stand point of clinical workflow to wait
too long, and in some instances contrast may worsen.
Technical solutions to this problem are to use multiple
contrasts such as T1 and T2 [7, 8], or to use blood sup-
pression techniques [9–15]. The T2 of blood (250 ms) is
significantly longer than that of myocardium (45 ms)
and may be used to discriminate the MI from blood
pool. In the “Multi-contrast delayed enhancement”
(MCODE) approach [6, 7, 16], both T1-and T2-weighted
images are acquired within the same breath-hold. The
T1-weighted image is a phase sensitive inversion recov-
ery (PSIR) image, and the T2-weighted image uses an RF
preparation for T2-weighting. Both images are acquired
at the same diastolic cardiac phase and are spatially
registered facilitating fusion of the images to enhance
the sub-endocardial border. An alternative approach that
also exploits the difference in tissue T1 and T2 is to use
a segmented cine IR with steady state free precession
(SSFP) readout [8]. In this method, each cardiac phase
has a unique T1 and T2 contrast as determined by both
the inversion recovery and the SSFP readout which has a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T2=T1
p
steady state dependence. The blood will ap-
pear dark at a different cardiac phase than the MI. In an
alternative approach a IR fast low angle shot (FLASH)
sequence may be modified to null both the blood and
the normal myocardium using 2 inversions with care-
fully chosen inversion times [10] or using a triple inver-
sion scheme [14].
Alternatively, LGE with blood suppression may be
achieve my combining either a T2 preparation [9, 11, 13]
with IR or by combining a magnetization transfer (MT)
preparation with IR [12, 15]. In these schemes, the
myocardial signal is reduced relative to the blood signal
thereby reducing the inversion times to null the myocar-
dium. In this way, it is possible to null both the myocar-
dium and the blood at the same time. The order of the T2
and IR preparations may be applied as T2-IR [13] or IR-
T2 [9]. Both of these previously reported schemes used a
FLASH readout. In this present work, we combined a
IR-T2 with a single shot SSFP readout and respiratory
motion corrected averaging [6, 17, 18] to achieve the
acceptable SNR while maintaining the desired spatial and
temporal resolution. In this manner, imaging is conducted
free-breathing which has benefits for image quality,
patient comfort, and clinical workflow in both adults [19]
and children [20]. Furthermore, by using a PSIR recon-
struction [21] the blood signal may be made darker than
the myocardium (i.e., negative signal values) thereby pro-
viding contrast between the blood and both the MI and
remote myocardium.
In conventional bright blood LGE, the contrast-to-noise
ratio for detection of scar is optimized by nulling the nor-
mal myocardium [22]. Selection of the inversion time (TI)
may be performed manually, or aided by a IR-cine scout
[23]. For dark blood (DB) LGE methods such as T2-IR,
IR-T2, or MT-IR, there are more degrees of freedom and
additional imaging protocol parameters must be specified
to achieve the desired myocardial null and blood signal
contrast. In the proposed approach, a single T1-map scout
is used to measure the myocardial and blood T1 using a
MOdified Look-Locker Inversion recovery (MOLLI)
protocol [24] and all protocol parameters are automatic-
ally calculated from these values within the sequence
thereby simplifying the user interface and avoiding the
necessity of a lengthy scout sequence. The use of PSIR
further avoids the requirement for precise nulling [6].
Dark blood LGE schemes provide contrast between the
MI and the blood pool at the expense of SNR. The SNR
cost of the proposed imaging method is characterized
through simulation and verified experimentally. It is pos-
sible to recover lost SNR by means of respiratory motion
corrected averaging with free breathing acquisition.
The proposed dark blood PSIR LGE is demonstrated for
several applications. One application, which motivated the
initial development, was peri-procedural cardiovascu-
lar MR in children undergoing radiofrequency catheter
ablation for ventricular tachycardia (VT). The concern
was the potential poor contrast with the adjacent blood
pool for acute subendocardial lesions. Patients undergoing
such procedures are anesthetized and all imaging should
ideally be acquired under free-breathing conditions.
Furthermore, imaging had to be performed rapidly. The
dark blood method was also used for LGE on subjects
with both ischemic and non-ischemic heart disease in
both adult and paediatric populations.
Methods
Dark-blood PSIR LGE
Dark Blood (DB) LGE was implemented by adding a T2
prep between the IR preparation and the readout [9].
This shifts the null time of the myocardium relative to
blood making it possible to choose delays that simultan-
eously null both myocardium and blood. Figure 1 illus-
trates the case where the intensity of the inversion
recovery signal for the scar is less than the blood leading
to poor contrast for conventional LGE (Fig. 1 (a)). By
addition of a T2 preparation (Fig. 1 (b)) and judicious
choice of delays a positive contrast between both the
scar and normal myocardium with the blood is achieved.
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In this example, the choice of delay parameters (TD1,
TE, and TD2) for the IR-T2 preparation are chosen to
null the normal myocardium prior to the blood which
makes the blood signal negative when reconstructed
using a phase sensitive approach (PSIR), and thus will
appear darker than the myocardium. Contrast between
the normal myocardium and blood is important in order
to delineate the myocardium wall.
With the IR-T2 approach to DB LGE, the myocardium
signal is attenuated to achieve an earlier null time.
Although blood suppression improves the contrast-to-
noise ratio (CNR) between MI and blood, the myocardial
signal attenuation corresponding to the T2 weighting
exp (−TE/T2) causes a loss in CNR between the MI and
remote normal myocardium as seen in Fig. 1. In the
proposed method, free-breathing PSIR LGE imaging was
performed using a single shot SSFP sequence with
respiratory motion correction (MOCO) averaging of re-
peated measurements [6, 17, 18]. The number of
averages was double for the dark blood protocol as
compared to the bright blood PSIR MOCO protocol in
order to improve the CNR by
ffiffiffi
2
p
, and thereby recover
some of the loss due to the T2 weighting.
The MOCO is done independently for the IR and proton
density (PD) images and the MOCO averaged images are
co-registered prior to the PSIR demodulation step. A non-
rigid image registration is used for in-plane motion correc-
tion and PD/IR co-registration, and in-plane motion is dealt
with by discarding 50 % of the acquired measurements
which are most dissimilar. Non-rigid registration was per-
formed pairwise between a target and reference image. For
each pair, the algorithm estimates a deformation that maxi-
mizes the local cross-correlation between the reference and
the uncorrected (target) image using a fast variational ap-
proach [25, 26] that can be considered as an extension of
the classic optical flow method. The process is imple-
mented in a multi-scale approach from coarse to fine reso-
lution which increases the speed and provides improved
convergence. Once the non-rigid motion (deformation)
field is estimated, the images are warped using a sub-pixel
spline based interpolator. The selection of the reference
frame used for image registration as well as which frames
to be discarded is based on the similarity of frames as esti-
mated from a global mean square difference metric [17]. In
this way, the retrospective image based strategy averages
the most frequent respiratory phase which is typically at
Fig. 1 a inversion recovery for bright blood PSIR LGE in case with scar signal (blue) less than blood (red) resulting in poor contrast. b inversion
recovery for Dark Blood (DB) PSIR using combined IR and T2 preparation to shift the null time of blood relative to the normal myocardium. In
this case the delays are chosen such that the blood signal (red) is less than the myocardium (dashed gray) resulting in dark blood using PSIR
reconstruction, which preserves the signal polarity. Inversion times to null the normal myocardium are depicted by vertical dashed lines. The loss
in SNR due to the T2 preparation is mitigated by increased respiratory motion corrected averaging (MOCO)
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end-expiration. The image reconstruction pipeline was im-
plemented and deployed using the Gadgetron image recon-
struction framework [27].
Unlike the conventional PSIR LGE, which has a single
inversion time parameter (TI) to specify in order to null
the normal myocardium, the DB PSIR LGE has 3 param-
eters, TD1, TE, and TD2. In order to facilitate the
selection these parameters, a complete Bloch simulation
was performed using the complete imaging protocol,
patient heart rate, measured T1 values of the remote
normal myocardium and blood pool, and assuming nom-
inal values for myocardial T2 (45 ms) and blood T2
(250 ms). The simulation determined the delay times TD1
and TD2 which null either the myocardium or blood for a
given T2 prep echo time (TE) by calculating the
magnetization for each readout of the inversion recovery
signal. The calculated null times are shown in Fig. 2 for an
example protocol (T1myo = 500 ms, T1blood = 350 ms) with
null times for blood in red and myocardium in blue for a
set of TE’s. For TE = 20 ms, the red and blue curves inter-
sect at TD1 = 63 ms and TD2 = 38 ms. At this intersection,
TD1 = 63/TD2 = 38/TE = 20, the normal myocardium and
blood are simultaneously nulled. For this TE (20 ms) and
for points on the blue line with TD2 > 38 ms, the myocar-
dium is nulled and the blood will have negative values (i.e.,
not recovered past zero) and will appear dark with respect
to the normal myocardium, and for TD < 38 the myocar-
dium will have a positive signal. For TE ≥ 25 ms, the blood
will be dark, in this example, and for TE <20 will appear
bright. The spacing between the blue and red lines will
govern the degree of blood suppression.
Typical imaging parameters are listed in Table 1 for both
the bright and dark blood PSIR MOCO protocols. The
myocardial and blood T1 are measured using a T1-
mapping scout scan using the MOdified Look-Locker In-
version recovery (MOLLI) approach [24] with a modified
protocol using respiratory motion correction and a 4 s (1 s)
3 s (1 s) 2 s acquisition scheme [28] that is acquired in 11 s.
The measured T1 values are entered on the scanner in the
user interface (UI) (shown in Fig. 3). The blood suppression
is specified as a value (delta) which is dark when the value
delta < 0. The sequence calculates TD1, TD2, and TE using
a strategy that seeks to achieve the desired blood suppres-
sion with the shortest TE so as to minimize SNR loss. In
order to speed up the computation, a series of rotation
matrices were pre-computed and stored as look-up-tables
(LUT). In this way, the calculation was fast enough that the
user interface was responsive to changes in imaging proto-
col parameters. The values for TD1, TD2, and TE are
thereby updated on the fly when any protocol parameter is
modified (e.g., matrix size, flip angle, etc.).
The Bloch simulation used to generate the LUTs
included a waveform level calculation of the adiabatic
T2 prep and hypersecant inversion pulses as well as
shape of RF excitation pulses, which determine the slice
profile. The T2 prep was a custom design 0° BIR4 with
single refocusing pulse capable of achieving TE as short
as 10 ms.
Fig. 2 Calculation of delays TD1 and TD2 for various TE for specified myocardial and blood T1 of 500 ms and 350 ms respectively. TD1 and TD2
are calculated to null the normal myocardium (point on blue line) to achieve a specified blood suppression. In this case, dark blood may be
achieved for TE≥ 20 ms. The spacing between the blue (myocardial null) and red (blood null) indicated the degree of blood suppression with
dark blood (blood <myocardium) when red line is above the blue line. Calculations are performed interactively on the scanner in response to
protocol changes (TR, FA, matrix size, etc.)
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In-vivo studies
In-vivo studies were performed to validate the concept,
measure the performance, and evaluate the user interface
in a clinical workflow. To meet this objective, a pilot study
was performed at 4 sites: Children’s National Medical
Center (CNMC), Washington, D.C., Bart’s Heart Centre, St.
Barthomolew’s Hospital, London, UK, The National Amyl-
oidosis Centre, UCL Royal Free Hospital, London, UK, and
Karolinska University Hospital, Stockholm, Sweden. Studies
were approved by the local Ethics Committees and Internal
Review Boards at each institution. Data was acquired for 61
subjects (Bart’s 39, Karolinska 9, Royal Free 9, CNMC 4).
Initial data was used to optimize the protocol parameters
(number of averages and blood suppression “delta” param-
eter). After initial protocol optimization, raw data was saved
to facilitate SNR measurement. CNR measurements were
made on 30 subjects (Bart’s 21, Karolinska 5, Royal Free 4)
with clearly identifiable MI. Anonymized data was analysed
at NIH with approval by the NIH Office of Human Subjects
Research OHSR (Exemption #13156). All imaging was
performed at 1.5 T (Magnetom AERA, Siemens, software
version VE11A). Gadolinium (Gd) contrast agent (Gadobu-
trol or Gadoterate meglumine) and dosage (0.1-0.2 mmol/
kg) varied between sites. LGE images were acquired
between 10–20 min following administration of Gd con-
trast. In this initial technical development study, both dark
blood and bright blood PSIR LGE MOCO imaging was
performed at the end of the study for all consented subjects
for which the additional time could be accommodated in
the clinical workflow at the discretion of the radiographer
performing the scan. At the completion of bright blood
PSIR imaging the dark blood imaging was performed for a
single slice, followed by a repeated bright blood PSIR
MOCO LGE. Both the dark blood and bright blood images
analysed were acquired within 1 min. The acquisition
duration for the bright blood approach was 16 heart beats
Table 1 Imaging protocol parameters
Bright Blood (BB) Dark Blood (DB)
Preparation Inversion
Preparation
Inversion Preparation
& T2 preparation
Readout Single shot, SSFP
(FAIR = 50°, FA PD = 8°)
Typical FOV/resolution 360 × 270 mm2
1.4 × 1.9 × 8 mm3
Matrix size 256 × 144 (parallel imaging factor 2)
Number of acquired
measurements
8 16
T2 prep TE 10–40 ms
TE/TR 1.2/2.8 ms
ECG triggering Inversions every 2 RR (HR < 90 bpm)
Inversions every 3 RR (HR > 90 bpm)
Fig. 3 User Interface for Dark Blood (DB) Protocol: (1) User acquires T1 map and measures ROI values for remote blood and myocardium. (2) a
enter ROI values in sequence user interface, b enter degree of blood suppression as “delta” value in user interface. (All other parameters (TE, TD1,
TD2) are calculated automatically). (3) Acquire images free-breathing
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per slice (8 measurements × 2 RR) and for the dark blood
approach was 32 heart beats (16 measurements).
CNR Measurements
The contrast-to-noise ratios (CNR) of interest are the dif-
ference of SNR between MI and remote (CNRMI-remote),
between MI and blood pool (CNRMI-blood), and between
blood and remote (CNRblood-remote). CNR measurements
were made by subtracting the SNR from manually drawn
regions of interest on SNR scaled image reconstructions
[29, 30]. SNR scaled uniform noise, PSIR MOCO average
images prior to surface coil correction were used. This
method accounts for all factors including the parallel
imaging losses due to so-called g-factor. Measurements
were made on N = 30 studies for which there was positive
identification of scar.
Results
CNR measurements
The CNRMI-remote for dark blood (DB) and bright blood
(BB) protocols in Table 1 were measured for N = 30
patients (Fig. 4). The CNR between MI and remote
myocardium using the 2 protocols had a linear fit DB-
CNRMI-remote = 0.87 BB-CNRMI-remote + 0.38 correspond-
ing to a 13 % loss in CNR for the dark blood protocol
(95 % confidence of slope was 0.76 to 0.98). Using the
dark blood PSIR LGE protocol, the contrast between the
MI and blood (CNRMI-blood) was positive for all cases,
whereas a significant fraction (63 %) of the conventional
bright blood PSIR cases have poor contrast between the
MI and blood (CNRMI-blood < 0) as region shaded in gray.
The CNR between the blood and remote myocardium
was 17.4 ± 7.1 (m ± SD) for the bright blood protocol,
and−3.9 ± 3.2 for the dark blood protocol.
Example studies
The degree of blood suppression may be varied by adjust-
ing the user specified “delta” parameter on the sequence
user interface (Fig. 5). The “delta” parameter was +20, +5,
and−15 ms (from left to right) for the 3 blood suppressed
images. The inferior MI (long arrows) is most clearly de-
fined with the blood suppression set for dark blood (right)
Fig. 4 CNR measurements between MI and remote (left) and MI and blood pool (right) for N = 30 patients. Note that using the dark blood PSIR
LGE the contrast between the MI and blood (CNRMI-blood) is positive for all cases, whereas a large number of conventional bright blood PSIR have
poor contrast between the MI and blood (CNRMI-blood < 0) as region shaded in gray
Fig. 5 Bright blood PSIR LGE (left) and dark blood PSIR LGE with varying blood suppression. The subendocardial MI (long arrow) has increasing
contrast with the blood pool as the blood suppression is increased. Gibb’s ringing (short arrow) of LV blood pool at septal border in bright blood
LGE (left) is not present in DB LGE
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which is used by default. Slight Gibb’s ringing of the LV
blood pool observed in the septal region (short arrows) for
the bright blood PSIR LGE image which may mimic LGE
is clearly not evident in the blood suppressed images.
Examples of PSIR LGE positive cases by both bright and
dark blood methods are shown in Fig. 6 for a series of
studies. The areas of scar indicated by LGE are more
conspicuous on the DB PSIR images (see arrows) and in
some cases might have been missed entirely in the bright
blood PSIR images. Although an MI is clearly present in
Fig. 6 middle row right, multi-vessel involvement seen in
the DB PSIR image is difficult to assess in the bright blood
image. LGE in papillary muscles has positive contrast in
the DB PSIR. In the case with amyloidosis (Fig. 6 lower
right), subendocardial fibrosis appears more distinct in the
DB PSIR image, particularly in LV. In Fig. 7 is an example
of a case (7 year old male with dilated cardiomyopathy) in
which the dark blood PSIR LGE (right) suppressed a
bright signal in the myocardium on the bright blood PSIR
LGE, which could have been erroneously classified as a
lesion, but turned out to be due to blood trapped in
trabeculae. There is also Gibb’s ringing of the LV blood
pool in the septum region for the bright blood LGE image.
The PSIR LGE images in Fig. 8 are from a VT ablation
case. Free-breathing PSIR MOCO LGE was acquired
immediately following ablation in a 2 year old male (top
row) and at a 2 week follow-up study for a 14 year old
female (bottom row). Figure 9 illustrates the improvement
in visualization of thin wall structures such as atrial walls
and valves.
Discussion
The conspicuity of subendocardial fibrosis and MI is
greatly improved by dark blood (DB) PSIR as well as the
delineation of the subendocardial border. Dark blood PSIR
also improves the detection of LGE in papillary muscles
and thin wall structures such as atria and valves. In several
cases, the circumferential extent of the scar appears
Fig. 6 Example of bright and dark blood PSIR LGE for 6 adult patient studies with subendocardial LGE
Fig. 7 Example of dark blood PSIR LGE (right) showing that a
possible lateral infarct on the bright blood (left) is in fact just blood
pool signal in the trabeculae
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underestimated by bright blood LGE since a portion of
the MI had poor contrast with the blood pool. It is also
challenging to accurately measure the transmurality of
subendocardial MI using bright blood LGE in cases where
the subendocardial border is cannot be delineated.
Atrial walls and valves are thin walled fibrous struc-
tures with higher collagen fraction resulting in higher
gadolinium concentration and shorter T1, which thereby
null at shorter TI. These structures may be difficult to
resolve from the adjacent blood pool using bright blood
LGE but are more readily detected using the dark blood
approach (Fig. 9). In order to detect atrial fibrosis, it
may be necessary to adjust the displayed window and
level or to acquire images with the T1 value adjusted to
a lower value than the myocardium in order to null the
atrial wall for better visualization of atrial scar. This is
an area of future investigation.
Dark blood PSIR LGE is typically reconstructed with a
negative blood pool signal which, after windowing, appears
darker than the remote normal myocardium. The normal
remote myocardium is acquired at or close to the null point
and should be near zero. Since the displayed image is
always positive, contrast between the normal myocardium
and blood is achieved by setting the display window width
and level to bias the myocardium to be slightly positive.
The bias should be kept small such that the apparent
contrast enhancement ration (CER) between the MI and
remote normal myocardium is kept adequately high.
Fig. 8 Free-breathing PSIR MOCO LGE acquired immediately following ablation in subject 1 under sedation (2 year old male) using bright blood
(left) and dark blood (right) protocols shows acute ablation lesion (top row) and subject 2 (14 year old female) in 2-week follow-up study with ab-
lation lesion in LV septum (bottom row)
Fig. 9 PSIR LGE images in 3 chamber view illustrating the improved visualization of thin walled atria and valve structures using DB (right). Note
that the thin walled structures have greater enhancement than the myocardium due to fibrous composition leading to higher gadolinium
concentration with shorter T1 than myocardium
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CNR Measurement
The CNRMI-remote for the dark blood protocol was slightly
less than for the bright blood protocol as expected due to
the T2 weighting. The expected loss is approximately exp
(−TE/T2)*
ffiffiffi
2
p
since the dark blood protocol averaged
double the measurements (16 vs 8). The TE is picked by
the sequence to achieve the desired blood suppression.
The measured loss of 13 % is consistent with a TE
between 20–25 ms. It is difficult to delineate the subendo-
cardial border for bright blood LGE as illustrated in Fig. 10.
Signal intensity profiles thru the MI and blood (Fig. 10)
are in SNR units and the subendocardial MI is 1–2 pixels
width. It is possible to measure the width of the MI using
full-width half maximum criteria for mitigating partial
volume effects using the DB PSIR LGE, however this is
not possible for the bright blood image.
Limitations
The proposed dark blood PSIR LGE method uses an
IR-T2 preparation and has a minimum delay time due to
the duration of the T2 prep. Therefore, for high contrast
doses that result in very short T1 it may not be possible
to achieve a short enough delay. In these cases, the
degree of blood suppression specified may not be
achievable. The sequence will attempt to reach the
desired blood suppression specified by the delta param-
eter and if that is not possible will then try to reduce the
blood suppression until a solution is achieved.
The loss in CNR is compensated for by increasing the
averaging. Roughly double the time is required to
achieve the same performance as the bright blood PSIR
MOCO. For a short axis stack of 9-slices, this acquisi-
tion time is roughly 5 min for dark blood vs 2.5 min for
bright blood. This imposes a limitation on the clinical
workflow, although it is comparable to some breath-held
acquisitions. The user interface for the dark blood PSIR
requires a T1 mapping scout and entry of T1 values
from roughly measured ROIs in the myocardium and LV
blood pool. This process is fairly quick (<1 min) but is
an added level of complexity in the clinical workflow.
The display of dark blood PSIR images requires win-
dow levelling the PSIR image so that the blood is darker
than the normal myocardium. This equates to making
the normal myocardium slightly gray (elevated) even
though the myocardium may in fact be nulled. Detection
of subtle LGE may require careful adjustment of the
window level subtle and experience to gain confidence
in interpretation.
In this study, the T1 value of blood measured in the
MOLLI scout used for setting the protocol is based on a
ROI drawn in the left ventricular (LV) cavity. Since the
deoxygenated blood of the right ventricular (RV) cavity
has T1 that is shorter than the LV blood (typically 150
vs 250 ms), the RV blood pool will have a slight attenu-
ation by the T2 prep and will null slightly earlier. As a
result, the RV blood pool suppression will be less than
the LV blood. In general, the RV blood was suppressed
to provide adequately contrast, and it is possible to
further reduce the RV blood signal by increasing the
suppression parameter.
The measurement of bright and dark blood PSIR LGE
were performed within 1 min, however the order of
sampling was not randomized in this study. The contrast
does not change significantly during 1 min so it felt that
any bias in measurement of contrast would not alter the
overall conclusion.
Conclusions
Free-breathing, dark blood PSIR LGE imaging has been
demonstrated to improve the visualization of subendo-
cardial MI and fibrosis in cases with low contrast with
adjacent blood pool. The proposed method also im-
proves visualization of thin walled fibrous structures
such as atrial walls and valves, as well as papillary mus-
cles. Imaging parameters are calculated automatically
based on a single scout scan.
Abbreviations
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Kellman et al. Journal of Cardiovascular Magnetic Resonance  (2016) 18:77 Page 9 of 11
Acknowledgements
Not applicable.
Funding
Supported by the National Heart, Lung and Blood Institute, National
Institutes of Health by the Division of Intramural Research.
Availability of data and material
The raw data that support the findings of this study are available from the
corresponding author upon reasonable request subject to restriction on use
by the Office of Human Subjects Research. Raw data require reconstruction
processing.
Authors’ contributions
PK conceived of the study, developed the sequence and Bloch simulations,
performed processing and analysis, and drafted the manuscript. HX and MSH
contributed to sequence development and image reconstruction. LJO, RC,
EKG, MF, MU, and JCM contributed to acquiring clinical research data. All
authors participated in revising the manuscript and read and approved the
final manuscript.
Competing interests
The authors declare that they have no competing interests.
Consent for publication
Written informed consent was obtained from patients for publication of their
individual details and accompanying images in this manuscript. The consent
form is held in the patients’ clinical notes and is available for review by the
Editor-in-Chief.
Ethical approval and consent to participate
Imaging was performed at 4 sites: Children’s National Medical Center,
Washington, D.C., Bart’s Heart Centre, St. Barthomolew’s Hospital, London,
UK, The National Amyloidosis Centre, UCL Royal Free Hospital, London, UK,
and Karolinska University Hospital, Stockholm, Sweden. Studies were
approved by the local Ethics Committees and Internal Review Boards at each
institution, and written informed consent for research was obtained for all
subjects. Anonymized data was analysed at NIH with approval by the NIH
Office of Human Subjects Research OHSR (Exemption #13156).
Author details
1National Heart, Lung, and Blood Institute, National Institutes of Health,
DHHS, 10 Center Drive MSC-1061, Bethesda, MD 20892, USA. 2Children’s
National Medical Center, 111 Michigan Ave., N.W, Washington, DC 20010,
USA. 3National Amyloidosis Centre, University College London (UCL) Medical
School, Royal Free Hospital, London, UK. 4Department of Clinical Physiology,
Karolinska Institutet and Karolinska University Hospital, Stockholm, Sweden.
5Barts Heart Centre, St. Bartholomew’s Hospital, London, UK.
Received: 18 August 2016 Accepted: 18 October 2016
References
1. Fieno DS, Kim RJ, Chen E, Lomasney JW, Klocke FJ, Judd RM. Contrast-
Enhanced Magnetic Resonance Imaging of Myocardium at Risk-Distinction
Between Reversible and Irreversible Injury Throughout Infarct Healing. J Am
Coll Cardiol. 2000;36:1985–91.
2. Kim RJ, Fieno DS, Parrish TB, Harris K, Chen E-L, Simonetti O, et al.
Relationship of MRI Delayed Contrast Enhancement to Irreversible Injury,
Infarct Age, and Contractile Function. Circulation. 1999;100:1992–2002.
3. Hunold P, Schlosser T, Vogt FM, Eggebrecht H, Schmermund A, Bruder O,
et al. Myocardial Late Enhancement in Contrast-Enhanced Cardiac MRI:
Distinction Between Infarction and Non-Infarction-Related Disease. AJR Am
J Roentgenol. 2005;184:1420–6.
4. Bohl S, Wassmuth R, Abdel-Aty H, Rudolph A, Messroghli D, Dietz R, et al.
Delayed enhancement cardiac magnetic resonance imaging reveals typical
patterns of myocardial injury in patients with various forms of non-ischemic
heart disease. Int J Cardiovasc Imaging. 2008;24:597–607.
5. Vergara GR, Marrouche NF. Tailored management of atrial fibrillation using a
LGE-MRI based model: from the clinic to the electrophysiology laboratory. J
Cardiovasc Electrophysiol. 2011;22:481–7.
6. Kellman P, Arai AE. Cardiac imaging techniques for physicians: Late
enhancement. J Magn Reson Imaging. 2012;36:529–42.
7. Kellman P, Chung Y-C, Simonetti OP, McVeigh ER, Arai AE. Multi-contrast
delayed enhancement provides improved contrast between myocardial
infarction and blood pool. J Magn Reson Imaging. 2005;22:605–13.
8. Detsky JS, Stainsby J, Vijayaraghavan R, Graham JJ, Dick A, Wright G.
Inversion-recovery-prepared SSFP for cardiac-phase-resolved delayed-
enhancement MRI. Magn Reson Med. 2007;58:365–72.
9. Basha T, Roujol S, Kissinger KV, Goddu B, Manning WJ, Nezafat R. Black
blood late gadolinium enhancement using combined T2 magnetization
preparation and inversion recovery. J Cardiovasc Magn Reson BioMed
Central Ltd. 2015;17:O14.
10. Farrelly C, Rehwald W, Salerno M, Davarpanah A, Keeling AN, Jacobson JT,
et al. Improved detection of subendocardial hyperenhancement in
myocardial infarction using dark blood-pool delayed enhancement MRI. AJR
Am J Roentgenol. 2011;196:339–48.
11. Kellman P, Olivieri L, Grant E, Berul CI, O’Brien K, Ratnayaka K, et al. Dark
blood Late Gadolinium Enhancement improves conspicuity of ablation
lesions. J Cardiovasc Magn Reson. 2016;18:P211.
12. Kim HW, Rehwald WG, Wendell DC, Jenista E, Van Assche L, Jensen CJ, et al.
Flow-Independent Dark-blood DeLayed Enhancement (FIDDLE): validation
of a novel black blood technique for the diagnosis of myocardial infarction.
J Cardiovasc Magn Reson. 2016;18:1–3.
13. Liu C-Y, Wieben O, Brittain JH, Reeder SB. Improved delayed enhanced
myocardial imaging with T2-Prep inversion recovery magnetization
preparation. J Magn Reson Imaging. 2008;28:1280–6.
14. Rehwald WG. Improved Dark Blood Delayed Enhancement Imaging With
Triple IR Preparation. ISMRM. 2008. p. p. 2.
15. Muscogiuri G, Rehwald WG, Schoepf UJ, Suranyi P, Litwin SE, De Cecco
CN, et al. T (Rho) and magnetization transfer and INvErsion recovery
(TRAMINER)-prepared imaging: A novel contrast-enhanced flow-
independent dark-blood technique for the evaluation of myocardial late
gadolinium enhancement in patients with myocardial infarction. J Magn
Reson Imaging. 2016;30:1–9.
16. Bandettini WP, Kellman P, Mancini C, Booker OJ, Vasu S, Leung SW, et al.
MultiContrast Delayed Enhancement (MCODE) improves detection of
subendocardial myocardial infarction by late gadolinium enhancement
cardiovascular magnetic resonance: a clinical validation study. J Cardiovasc
Magn Reson. 2012;14:83.
17. Ledesma-Carbayo MJ, Kellman P, Hsu L-Y, Arai AE, McVeigh ER. Motion
corrected free-breathing delayed-enhancement imaging of myocardial
infarction using nonrigid registration. J Magn Reson Imaging.
2007;26:184–90.
18. Kellman P, Larson AC, Hsu L-Y, Chung Y-C, Simonetti OP, McVeigh ER, et al.
Motion-corrected free-breathing delayed enhancement imaging of
myocardial infarction. Magn Reson Med. 2005;53:194–200.
19. Piehler KM, Wong TC, Puntil KS, Zareba KM, Lin K, Harris DM, et al. Free-
Breathing, Motion-Corrected Late Gadolinium Enhancement Is Robust and
Extends Risk Stratification to Vulnerable Patients. Circ Cardiovasc Imaging.
2013;6:423–32.
20. Olivieri L, Cross R, O’Brien KJ, Xue H, Kellman P, Hansen MS. Free-breathing
motion-corrected late-gadolinium-enhancement imaging improves image
quality in children. Pediatr Radiol Pediatric Radiology. 2016;46:983–90.
21. Kellman P, Arai AE, Mcveigh ER, Aletras AH. Phase-Sensitive Inversion
Recovery for Detecting Myocardial Infarction Using Gadolinium-Delayed
Hyperenhancement. Magn Reson Med. 2002;383:372.
22. Kim RJ, Shah DJ, Judd RM. How We Perform Delayed Enhancement
Imaging. J Cardiovasc Magn Reson. 2003;5:505–14.
23. Gupta A, Lee VS, Chung Y, Babb JS, Simonetti OP. Myocardial Infarction:
Optimization of Inversion Times at Delayed Contrast-enhanced MR Imaging.
Radiology. 2004;233:921–6.
24. Messroghli DR, Radjenovic A, Kozerke S, Higgins DM, Sivananthan MU,
Ridgway JP. Modified Look-Locker inversion recovery (MOLLI) for high-
resolution T1 mapping of the heart. Magn Reson Med. 2004;52:141–6.
25. Chefd’Hotel C, Hermosillo G, Faugeras O. A variational approach to multi-modal
image matching. Proc. IEEE Work. Var. Lev. Set Methods Comput. Vis. 2001;21–8.
26. Chefd’Hotel C, Hermosillo G, Faugeras O. Flows of Diffeomorphisms for
Multimodal Image Registration. IEEE Int Symp Biomed Imaging.
2002;753:6.
27. Hansen MS, Sørensen TS. Gadgetron: an open source framework for
medical image reconstruction. Magn Reson Med. 2013;69:1768–76.
Kellman et al. Journal of Cardiovascular Magnetic Resonance  (2016) 18:77 Page 10 of 11
28. Kellman P, Hansen MS. T1-mapping in the heart: accuracy and precision. J
Cardiovasc Magn Reson. 2014;16:2.
29. Kellman P, Erratum to Kellman P, McVeigh ER. Image reconstruction in SNR
units: a general method for SNR measurement. Magn Reson Med. 2005;54:
1439–47. Magn. Reson. Med. 2007;58:211–2.
30. Kellman P, McVeigh ER. Image reconstruction in SNR units: a general
method for SNR measurement. Magn Reson Med. 2005;54:1439–47.
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
Kellman et al. Journal of Cardiovascular Magnetic Resonance  (2016) 18:77 Page 11 of 11
